INTRODUCTION
Plasma-sprayed ceramic coatings are being developed for many applications such as thermal barriers and corrosion protection. In plasma spraying, the ceramic powder is heated into semi-molten droplets for projection onto a target surface by a high velocity gas stream. This coating is then rapidly cooled to form a solid layer. By repeating this process for multiple layers, a coating thickness from micrometers to millimeters may be built up. Inherent to this process, plasma-sprayed coatings generally possess rough surfaces and a high degree of porosity.
In the past, various nondestructive testing methods have been developed to evaluate plasma-sprayed coatings [1] [2] [3] . The ultrasonic method is considered a generally powerful technique for materials evaluation due to its sensitivity to material elastic properties. Many investigators have used uhrasonie bulk waves to evaluate plasma-sprayed coating properties [see, e.g., refs. [4] [5] [6] [7] [8] . Recently, surface waves are receiving more and more attention in coating applications because their elastic energy is confined to a depth of about one wavelength at the surface. As a result, the ultrasonic surface wave velocity is becoming widely used to assess layered material properties, both for its convenience and for its measurement precision. For example, Rayleigh waves generated by a Iaser beam or by contact transducers have been employed to correlate their wave speed with coating hardness [9] as weil as thickness [10] . In many ofthese measurements, however, the ceramic-coated samples need to be polished in order to achieve the desired accuracy [8-1 0).
We have developed a simple time-resolved and polarization-sensitive ultrasonic technique for materials characterization [11, 12] , with a demonstrated capability to precisely measure leaky surface wave velocities on solid samples in water. At the heart oftbis technique is a lensless line-focus transducer designed for use with conventional pulse-echo uhrasonie instrumentation. The prototype transducer has an aperture of28.2 mm, a focal length of25.4 mm, and a shock-excited broadband pulse ofnominal frequency 10 MHz. With this transducer, however, we were unable to obtain the leaky surface wave signal on plasma-sprayed ceramic coatings due both to their rough surfaces and high porosity. In this paper, we present an approach to overcome these difficulties. By specifically designing a dual-element lensless line-focus transducer with a large aperture, we are able to measure leaky surface wave velocities on rough and porous ceramic coatings with high precision. This transducer will also resolve small changes in sprayed-ceramic coating properties.
PLASMA-SPRAYED CERAMIC-COATING SAMPLES
A schematic drawing of a ceramic-coating sample and the spray direction is shown in Fig.l . The ceramic coatings were generated by plasma spraying 7 % to 8 % yttria-stabilized zirconia onto stainless steel substrates. The four sample coatings in this study possess lateral dimensions of80 mm x 60 mm, and a thickness ofabout 1.5 mm. Spray coatings generally possess orthotopic elastic symmetry, and in this case are isotropic in the plane of the coating since the incident plasma spray stream was normal to the substrate surface. The samples were prepared under slightly varying spray conditions oftemperature and gas speed. All finished samples retained a rough surface condition. Surface roughness is often described by an average roughness quantity Ra which is the average ofthe absolute value ofthe surface height variations X; from the topography mean plane. The expression for Ra is (1) The experimentally measured surface profile of a ceramic coating is compared with a standard sinusoidal surface roughness reference in Fig.2 . The average roughness of our plasma-sprayed ceramic coatings is about 16 ~m, and the porosity is estimated to be about 30%.
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Fig.l Schematic of a plasma-sprayed ceramic coating generated by normal-incident spray.
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DUAL-ELEMENT LARGE APERTURE LINE-FOCUS TRANSOUCER
The rough surfaces and high porosity of plasma-sprayed ceramic coatings generate significant scattering and damping which hinder ultrasonic surface wave measurements. To overcome these difficulties, we developed a dual-element !arge aperture lensless line-focus transducer. The aperture of the transducer is deliberately designed to be !arge in order to minimize the effect of surface roughness, for example, by converging more energy at the focal plane. As noted previously [11] [12] [13] , the line-focus transducer design with a cylindrical surface is much more easily fabricated than a point-focus transducer with a spherical surface, especially for a !arge aperture and low f number transducer. In addition, the linefocus transducer possesses the polarization feature which is useful for directional measurements such as the determination ofmaterial anisotropy.
The dual-element transducer consists oftwo pieces of commercially available polyvinylidene fluoride (PVDF) film with an active electrode area of 12 mm x 30 mm, and a thickness of28 J..lm (AMP Inc. 1 ) . It can be easily fabricated by placing two filmsend to end and separated by a 5 mm gap onto a cylindrical convex surface, and then casting a tungstenpowder-loaded epoxy as the backing material into a temporarily attached matched-curvature housing. The fabrication details have been given in a previous paper for a similar (singleelement) transducer [13] . Fig.3 illustrates the construction ofthis dual-element transducer as weil as the ray representation ofthe leaky surface (R) and directly reflected (D) waves generated by the transducer. The transducer has an aperture of 62 mm and a focallength of 60 mm. With this construction, the separate electrical connections to the two film elements allows for each to transmit and/or receive. The transducer's echo waveform together with the waveform's spectrum, obtained from a glass target located in the focal plane, is shown in Fig.4 . One observes a short pulse with a center frequency of ab out 1 0 MHz, which is similar to that for the single-element transducer previously developed [13] . The transducer's X-Z plane beam profile, obtained with a hydrophone (effective spot size 0.4 mm x 0.4 mm) scan in water, is shown in Fig.S , for the case where both elements are transmitting. Strong focusing features can be observed. 
EXPERIMENT AL RESUL TS
Leaky surface wave velocity measurements using the time-resolved ultrasonic technique have been previously reported [11] . As shown in Fig.4 (a) , a single coherent echo waveform is tobe expected when the sample surface is placed in the focal plane ofthe transducer. As the transducer approaches the sample (defocusing), that waveform will split into two significant waveforms: one being the specularly reflected wave and the other a leaky surface wave. Since the time interval between the two pulses is linear with defocusing distance, the sample' s leaky surface wave velocity VR can be easily determined from the linear slope m of the time interval vs the defocusing distance as (2) where Vw is the sound speed in water.
As noted above, the dual-element transducer can be operated either with one element transmitting and the other receiving, or with both elements transmitting and receiving. Experimental results have shown that the former mode -one element transmitting and the other receiving -yields stronger signals and greater S/N ratios. This may be due to impedance-matching effects between the transducer and pulser/receiver (Panametrics PRT 5052). This mode is exclusively used in the following measurements.
A set of experimentally recorded waveforms obtained as a function of defocusing distance on a ceramic coating are displayed in a "waterfall" plot in Fig.6 , where the directly reflected wave (D) is used as the time reference. The leaky surface wave (R) is easily observed in spite ofthe coating's rough surface and high porosity. By using the negative peaks of the leaky surface wave pulses as the reference points for the arrival times, we plot and fit defocusing distance as a function of arrival time in Fig. 7 . The leaky surface wave velocity is then determined from the slope m ofthe fitted curve using Eq.(2).
The above velocity measurements were performed on the four ceramic-coating samples oftbis study. Uncertainty analyses were then applied to the experimental data using standard statistical methods. Table 1 summarizes the velocity measurement and statistical analysis results. The two-standard-deviation velocity uncertainty, which by definition includes 95% ofthe data, is ~ 0.6%. We note that the velocity changes ranging from 0.6% to 2.8% due to a variation in the spraying conditions can be clearly resolved using this dualelement transducer. A time and polarization resolved uhrasonie teehnique is applied to determine the leaky surface wave velocity of solid samples immersed in water. To overcome the difficuhies posed by the surface roughness and high porosity of plasma-sprayed ceramic eoatings for making precise leaky surfaee wave measurements, a dual-element large aperture lensless line-focus transducer is developed. The experimental resuhs summarized in Table 1 demonstrate that substantialleaky surface wave signals can be generated and measured by means ofthis transducer.
Since the measured thickness ofthese plasma-sprayed coatings is about 1.5 mm and the wavelength ofthe leaky surface wave is 0.3 mm at a frequency of 10 MHz, all the surface wave energy is contained within the ceramic coating layer. Therefore, the surface wave velocities reported here are a function only ofthe coating material. For the case of thin coatings where the wavelength may not be signifieantly less than the coating thickness, the substrate properties need to be taken into account when calculating the leaky surface wave velocity.
The uhrasonie wave velocity measurement is generally sensitive and relatively easy to determine material elastic properties, and is nondestructive. The leaky surface wave velocity in ceramic coatings depends on many extraneous factors, such as surface roughness, porosity, stress, and liquid loading. Before a correlation between the uhrasonie veloeity and one of those parameters can be made, the remaining parameters must be controlled. We are in the process ofisolating the effects ofthese variables on the measured leaky surface wave velocity.
CONCLUSION
Wehave developed a dual-element large aperture lensless line-focus transducer for the evaluation of eeramic coatings. It is designed to be used in conjunction with a previously developed time and polarization resolved uhrasonie technique. In this paper we have illustrated its simplicity of design, fabrication and Operation for making transit-time measurements. Benefiting from its large aperture and separate transmit-receive piezoelectric element design, the transducer can generate and detect meaningfulleaky surface waves on ceramic coatings that are rough and porous. A two Standard deviation of 0.6 % in the leaky surface wave velocity has been achieved on ceramic coatings of average roughness 16 ~m. As a result, we have been able to resolve small wave velocity changes as a function of plasma-spray conditions.
